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Abstract: Greenhouse gases such as methane and carbon dioxide are produced from 
landfill when the waste comes in contact with water. Various techniques such as clay 
capping are used to minimise percolation of water into the waste and gas flaring and gas 
recovery systems are installed to reduce methane emission into the atmosphere. Flaring 
and recovery systems for reducing methane gas are very expensive for smaller and 
medium sized landfill (< 100,000 tonnes/annum) and the use of clay cap has proven to be 
ineffective in avoiding percolation of water which controls methane emission. Thus, an 
alternative technique known as ‘Phytocapping’ was trialled at Rockhampton’s Lakes 
Creek Landfill using two soil depths of (700 mm and 1400 mm) of soil cover and 21 tree 
species. Methane emissions at the surface as well as at various depths of the two 
phytocaps were monitored. Results from this study show that Phytocaps can reduce 
surface methane emission 4 to 5 times more than the adjacent un-vegetated site, and the 
thick cap (1400 mm) reduces surface methane emission 45% more than the thin cap (700 
mm). The root zone effects of 19 tree species on methane emission were also examined. 
The study also compared methane flux between phytocaps and non-vegetated sections of 
the same landfill. Results demonstrate that phytocapping technique can reduce surface 
methane flux by 75% - 85% compared to its adjacent non-vegetated site.  
 
 
Keywords: Carbon pollution, greenhouse gas, landfill, methane, methane flux phytocapping. 
 
Introduction 
Landfill numbers in Australia have grown over the last few decades, as this has been the most 
economical ways of disposing solid waste. Today, there are 650 operational landfills in Australia 
(Bateman 2005). Landfills mostly contain putrescible wastes that decompose and produce landfill 
leachate and landfill gasses (methane and carbon dioxide), when they come in contact with water 
(Jones and Nedwell 1993). Recent studies show that annual global methane emissions have 
significantly increased from 180 Tg yr
-1 
in the 15
th
 century (Abichou et al. 2004) to around 300 Tg yr
-1  
in the year 2000 (Le Mer and Roger 2001) , and this is expected to increase from 400 and 600 Tg yr
-1
 
by 2010 (Le Mer and Roger 2001).  
 
Methane production in landfills normally takes place in two stages, namely the non-methanogenic 
stage and the methanogenic stage (Whalen et al. 1990, Czepiel et al. 1995, Borjesson and Svensson 
1997, Farquhar and Rovers 1973). Non-methanogenic stage is initiated by hydrolytic process which 
reduces complex organic matter to smaller soluble compounds such as fatty acids, simple sugars, 
amino acids and other low molecular weight organic compounds (Imshenetsky 1968). The non-
methanogenic phase accomplishes further modification of the organic material by capturing energy 
and producing organic acids, ammonia, water, hydrogen and carbon dioxide (Farquhar and Rovers 
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1973). In the methanogenic stage, the methanogenic bacteria produce methane under anaerobic 
conditions. The micro-organisms active in the methanogenic stage are generally the bacteria of the 
genus Methanobacterium – the common inhabitants of soil and sewage (Alexander 1971). Gases such 
as nitrogen and hydrogen sulphide are also produced during this stage (Alexander 1971).  
 
One tonne of deposited Municipal Solid Waste (MSW) roughly produces 160 to 250 m
3
 (depending of 
the compaction rate) of landfill gas (Abichou et al. 2004). Normally, a steady rate of methane 
production is reached after 80 to 500 days of waste deposition, and this rate is maintained for 10 to 20 
years (Moore et al. 1998). The time required for degradation of waste in the landfills, and the amount 
of gas formed depends on a number of factors, such as the type and amounts of waste buried, its water 
content, compaction and use of leachate treatment procedures (Farquhar and Rovers 1973).  
 
Methane concentration in Australian landfill gases ranges from 50% to 60% (Duffy et al. 1996, Yuen 
1999) and this is comparable to global average (Bogner et al. 1996). Methane is the main hydrocarbon 
present in the atmosphere, with an average concentration of 1.7 ppm (Borjesson and Svanson 1997, 
Humer and Lechner 1999). Methane is a very important greenhouse gas, and currently accounts for 
15% to 20% of the greenhouse budget, even though the atmospheric concentration of methane is 
approximately 200 times less than carbon dioxide (USEPA 2003). Bogner (2003) estimated that 9 to 
70 Tg methane would be emitted from the landfills alone annually. Generally, the rate of emission of 
methane (methane flux) varies over orders of magnitude, from less than 0.0004 g m
-2
 d
-1
 to about 4000 
g m
-2
 d
-1
 (Bogner et al. 1997). For example, Jones and Nedwell (1993), Nozhevnikova et al. (1993) 
reported 0 to 38.4 g m
-2
 d
-1
 in the UK and Moscow respectively; De Visscher et al. reported 0.0048 to 
4000 g m
-2
 d
-1
 in Canada and Tohijima and Wakita (1993) recorded 200 g m
-2
 d
-1 
in Tokyo. In 
Germany, the methane flux of 45 g m
-2
 d
-1
 was recorded by Jager and Peter (1995) which was higher 
than that reported in France (10.5 g m
-2
 d
-1
)
  
(Pokryszka et al. 1995). The waste contained in the 
landfills produce large quantities of methane; however, a considerable proportion of this gas is 
oxidised in the soil covers placed over the waste due to microbial oxidation of methane by 
Methanobacterium (Czepiel et al. 1996, Bogner et al. 1997).  
 
There are two major ways by which methane emissions from landfills can be reduced. The first 
method is to use landfill gas recovery facilities to extract and utilise methane (Borjesson et al. 2000) 
and the other is to enhance methane oxidation in the soil covers placed over the waste. However, the 
installation of gas recovery system is expensive and not practical for small scale operations, such as 
the catering a population of approximately 60,000 (Craig Dunglison; personal communication). And 
the other method is to use phytocapping; a new technology promoted for reducing percolation of water 
into landfills (Albright et al. 2004, Venkatraman and Kartik 2007). Phytocaps can mitigate methane 
emission by oxidising methnane into carbon dioxide and water. Landfill soil covers have the ability to 
lower methane emission by up to 50% (Reeburgh 1996). 
 
Oxidation of methane in the soil covers that may or may not contain vegetation would offer an 
economical way of reducing methane emission from landfills (Ashwath and Venkatraman 2007). 
Firstly, soil covers minimise the entry of water into waste as they store water, which may evaporate 
over a period. Secondly, soil covers assist with the growth of microbes and plants, both of which will 
take part in methane oxidation. Kightley et al. (1995) found that soil covers subsequently can oxidise 
7% to 50% of the methane generated from the landfills, with an oxidation rate of 166 g m
-2
 d
-1
. 
Viswanathan et al. (1999) found the methane oxidation rates to be 100 g m
-2
 d
-1
. Both these values are 
much higher than the rates (45 g m
-2
 d
-1
) reported by Whalen et al. (1990). Czepiel et al. (1996) 
reported a 10% methane oxidation in a landfill site in north-eastern America during winter, and higher 
rate of 20% during summer in a similar landfill site. Under certain conditions, landfills can even 
absorb atmospheric methane and oxidise methane to carbon dioxide (Borjesson and Svansson 1997, 
Bogner et al. 1997), but the role played by landfills in the methane oxidation by reabsorption is 
negligible. 
 
The placement of compacted clay (conventional cover) over the waste has been the most popular 
method in Australia (EPA 2005). The primary purpose of clay capping is to minimise percolation of 
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water into the waste, so as to minimise methane emission and to reduce landfill leachate generation. 
 Recent studies that rely upon long-term monitoring of field trials in different agro-climatic regions of 
USA concluded that the clay caps fail to limit percolation of water into the waste due to drying and 
cracking of the clay cap (Albright et al. 2004). Furthermore, the clay covers do not allow for optimal 
interaction of methane with oxygen, which is a must for methane oxidation (Abichou et al. 2004).  
 
Alternative methods of remediating landfills, both to minimise percolation of water into the refuse and 
to oxidise methane in the root zone are therefore required. These methods include natural attenuation 
of landfill-generated methane through aerobic oxidation in landfill soils (Grossman et al. 2002), and 
the use of ‘Phytocapping’ systems (Fig 1) (Ashwath and Pangahas 2005, Lamb 2007). In the 
phytocapping technique, selected plant species are established on an unconsolidated soil layer placed 
over the waste, so that the soil acts as the ‘storage or sponge’ and the plants as ‘bio-pumps’. For this 
technique to be effective, it is important that site specific plant species are chosen and established at 
certain density, and the depth of the soil placed over the waste is optimised.  
 
Phytocapping technique encourages the water to enter into unconsolidated soil as apposed to clay 
capping where water is prevented from entering the landfills , such that this stored water will 
subsequently be made available for plant growth, transpiration (bio-pumping) and for promote 
methane oxidation (Viswanathan et al. 1999). The phytocapping technique is known to have several 
advantages over clay capping. These include, the potential to halve the cost of landfill remediation, 
acting as biodiversity corridor in an urban environment, providing aesthetic values (park environment) 
to the adjacent urban community, and in some cases, introducing economical benefits such as the 
production of timber, fodder and fuel wood (Ashwath and Venkatraman 2007). 
 
 
Figure 1: Conceptual model of a landfill phytocapping system 
 
This study examines the effects of two depths of soil covers (700 mm and 1400 mm) and the 19 plant 
species on methane emission. The study also compares the performance of the phytocaps with their 
adjacent non-vegetated site for methane emission. 
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Materials and Methods 
Details of establishing the phytocapping trial is provided in Ashwath and Venkatraman (2007). In 
summary, a large-scale field trial (5000 m
2
) was established at Lakes Creek landfill in Rockhampton, 
using two soil treatments and 21 tree species. The soil treatments included a thin cap (700 mm) and a 
thick cap (1400 mm) (Fig 2A) that were placed over a 22 year-old landfill containing municipal waste 
up to a depth of 7 metres. On each of these caps, seedlings of 21 tree species were established each in 
6 m x 6 m plots (18 plants/plot/species (Fig 2B), which were thinned to 9 plants/plot/species after two 
years of planting). The experimental site was mulched with shredded green waste (100 mm deep), and 
the plants were drip irrigated. Various plant and soil parameters were monitored over three years 
(Venkatraman and Ashwath 2007, Ashwath and Venkatraman 2007, Venkatraman and Ashwath 2006) 
and only the results of methane emissions are presented here. 
  
 
 
Figure 2: Establishment of a Phytocapping trial at Lakes Creek landfill, Rockhampton. A: 
Placement of thin and thick soil caps over the waste. B: Seedlings of 21 tree species were 
established on each of these soil caps. 
 
Prior to determining methane concentrations in the landfill, diurnal variations in methane emission 
were determined by monitoring methane continuously over 24 hours at 17 months (19 February 2005), 
18 months (15 March 2005) and 19 months (22 April 2005) of establishing the trial respectively. 
Methane emission was measured using a portable methane gas meter (Gastech, Australia). Poly Vinyl 
Chloride (PVC) tubes (200 mm diameter) that were buried around plants to a depth of 300 mm (root 
zone) and capped. During methane measurement, the cap was removed and the gas meter probe was 
inserted into the PVC tube to a depth of 20 cm below the soil surface. Methane concentrations were 
recorded after the meter readings were stabilised. Concentrations of carbon dioxide, oxygen and 
hydrogen sulphide were also recorded. Based on the above observations, all further methane readings 
were recorded between 9 am and 12 noon.  
 
A 
B 
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For surface methane measurements, the inlet tube of the methane meter was connected to a 70 mm 
diameter plastic funnel, which was placed inverted on the surface (Fig 3). The funnel was twisted left 
and right to ensure proper positioning and sealing to minimise the meter pulling air from outside the 
enclosed area. For surface measurements, up to five readings were taken randomly within each 
plot/species, whereas for root zone measurement, one measurement was taken per plot/species using 
permanently installed PVC tubes (Fig 3). The monitoring was carried out nine times during 2005-2006 
(2 to 3 years after planting), to represent winter, summer and rainy seasons. 
 
 
Figure 3: Methane measurement at root zone level (left to the tree trunk); Methane 
measurement at soil surface (right to the tree trunk) 
 
 
 
Figure 4: Methane flux measurement taken using static chamber (right to the tree) 
Several methods have been used to determine methane flux in landfills (Diot et al. 2002). These 
include: accumulation chamber, static chamber, infrared thermograph, external recirculation chamber 
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and tracer. The chamber methods consider build up of gas concentration within a given space during 
certain time period (Fischer 1999). This method is less expensive and yields data within a short time 
period (Fischer 1999). The chamber measurements may be made statically or dynamically (Fischer 
1999). In the current study, a static chamber technique was employed (see Fig 4). A static chamber 
consists of a container of a known volume and is placed over the landfill surface (airtight) to measure 
build up of methane concentrations at different time intervals (Fischer 1999). Since the gas flow is 
caused by diffusion, methane concentrations will reach maximum and stabilises after certain time 
depending on the size of the container and the rate of gas flow rate. The changes in chamber methane 
concentration were plotted against time, and the methane flux was calculated as ppm based on the 
slope of the unsaturated response line. The ppm values were then converted to g m
-2
 d
-1
 using the ideal 
gas equation (Sawyer et al. 1994) as shown below. 
Volume of the container = лr2h = 3.14 x 10cm x 10cm x 4cm = 1256 cm3 = 0.001256 m3  
Soil surface area = лr2 = 3.14 x 10cm x 10cm = 314 cm2 = 0.0314 m2 
Ideal gas equation: PV = nRT, where 
P = Pressure = 1.01325 x 10
5
 Pa = 101325 Pa 
V = Volume of the container = 0.001256 m
3
 
n = no of moles of gas; R = gas constant = 8.314 m
3
. Pa. K
-1
 mol
-1  
T = Temperature = 302.05 °K (or 28.9 °C; average of three days of monitoring) 
Changes in methane concentrations were measured at one minute intervals for up to five minutes. In 
most cases methane concentrations stabilised after 2 to 3 minutes. The observations were then plotted 
against time to determine the slope. Two sets of observations were taken from each of five randomly 
located sites on thick and thin caps. Similar observations were taken from the adjacent areas of the 
experimental site that had no vegetation but had soil cover of similar depth as the phytocaps. 
 
The data were analysed using GenStat v 8.0 following checking for outliers and homogeneity of error 
variances. Pooled errors or standard errors of means are provided where ANOVA was not significant.  
 
Results and Discussion 
Diurnal variation in methane concentration was studied under different plant species in thick and thin 
phytocaps.  The 24 hour monitoring revealed that the measurements taken around 9 am were high in 
both thick and thin caps (data not shown). This time of the day also coincided with the pleasant times 
for field activities. Thus, all further methane monitoring was carried out between 9 am and 12 noon 
Australian Eastern Standard Time (AEST). 
 
Methane flux in the phytocapping systems ranged between <0.0007 g m
-2
 d
-1
 to >0.0009 g m
-2
 d
-1
 as 
compared to >0.0036 g m
-2
 d
-1
 in the adjacent un-vegetated landfill site. These values are much lower 
than those reported by Bogner et al. (1997) (0.0004 g m
-2
 d
-1
 to 4000 g m
-2
 d
-1
), possibly due to its age 
and lack of bottom lining and is located in a flood plain, all these giving greater access to water for 
rapid waste decomposition during early years of waste deposition. The major differences between the 
data of phytocapped and unvegetated sites suggest that tree roots may play a vital role in promoting 
methane oxidation. Methane flux also varied significantly (P<0.001) with the day of measurement 
(Fig 5) and the treatments (Fig 6, P=0.031). This was expected as methane oxidation potential varied 
with the days of measurement, as the environmental factors such as soil moisture and soil temperature 
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vary amongst these days (Boeckx and Cleemput 1996). Amongst the three treatments, the un-
vegetated site showed more methane flux than the Thick or Thin phytocaps consistently on all three 
days of measurement (Fig 6). This clearly demonstrates the beneficial effects of tree roots on methane 
oxidation.  
 
 
Figure 5: Average methane flux on three different days 
 
D
ay
 1
, 6
.8
6
D
ay
 1
, 7
.3
8
D
ay
 2
, 6
.7
4
D
ay
 2
, 6
.6
5
D
ay
 2
, 7
.5
0
D
ay
 3
, 6
.9
6
D
ay
 3
, 6
.7
9
D
ay
 3
, 7
.3
7
D
ay
 1
, 6
.6
5
6.20
6.40
6.60
6.80
7.00
7.20
7.40
7.60
Thick cap Thin cap un-vegetated site
M
e
th
an
e 
fl
u
x 
g/
m
2
/d
ay
 (
lo
g
(1
0
+
1
0
))
 
Figure 6: Methane flux from a phytocapped site and its adjacent un-vegetated site 
 
The methane concentrations were significantly (P<0.001) lower on the surface than in the root zone 
for majority of the tested species (Fig 7). The experimental site was mulched with shredded green 
waste both in thick and thin caps. The significantly (P <0.001) lower methane concentrations recorded 
on the surface than in the root zone could have been contributed by the root system, soil and the mulch 
(Bogner et al. 1997 and Christopherson et al.  2000). The fact that the mulch thickness was similar 
amongst all the established plant species, and the methane concentrations were varying amongst 
different species, suggest that tree roots and the soil have also contributed to methane oxidation.  
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The ability of the tree roots to oxidise methane may be assessed by examining the difference between 
the surface and root zone methane concentrations. Figure 6 shows large variability between plant 
species in their root zone methane oxidation. Some species, such as Lophostemon confertus and 
Dendrocalamus maroochy showed marked differences between the surface and the root zone methane 
levels, indicating their improved ability to oxidise methane, as opposed to Glochidion lobocarpum 
which showed no difference between the two layers. Although some general inferences can be made 
regarding species differences in methane oxidation, no firm conclusions can yet be drawn about 
methane oxidation under these species, due to lack of information on the concentrations of methane 
going through the root system, spatial variability in its emission in the root zone, and most 
importantly, due to lack of information on species rooting patterns in the upper most layer of the soil.  
 
Overall, the thick cap was 45% more efficient in reducing methane emission compared to the thin cap. 
The significantly (P<0.001) lower levels of methane in the thick cap than in thin cap could be due to 
greater exposure of methane to larger volume (depth) of the soil, or an increased rate of oxidation by 
the soil bacteria (Bogner et al. 1997, Khalil et al. 1998; Kallistova et al. 2005). The differences 
between thick and thin caps were much larger for the root zone methane (Fig 7) than for surface 
methane (with the thick cap having less methane than thin cap). These results clearly demonstrate that 
the thicker the soil layer, higher will be the methane oxidation. Since the placement of thicker layers 
of soil can be highly expensive in urban areas, a decision has to be made on the appropriate thickness 
of the soil to be placed over the refuse. This decision, should take into consideration the thickness 
needed to minimise the entry of water into the refuse, as well as the thickness needed to oxidise 
methane. Consideration of the thickness needed to reduce percolation of water is more important than 
that needed for reduction in methane emission, as the landfill operators are required by law to limit the 
amount of water that enters into the landfill, but they have no mandate for reducing the methane 
emission. 
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Figure 7: Comparison between root zone and surface methane concentrations. The values are 
averages methane emission from thick and thin caps (9 observations over 3 seasons). The bars 
represent standard errors of means (n=2). 
This study clearly shows the potential of phytocapping in reducing methane flux from landfills. To the 
best of our knowledge, this study is the first time in Australia, where the role of phytocaps in reducing 
methane emissions from landfills has been systematically demonstrated. According to Falzon (1997); 
methane from landfill accounts for 13.5 % of Australia's total emissions, with an estimated 710, 000 
tonnes of methane being released into the atmosphere annually. With the currently available 
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technology, it is feasible to recover up to 90 % of the methane from landfill, significantly reducing 
atmospheric pollution (Falzon 1997). However, it is not economical to extract methane from smaller 
landfills (Treloar 1998) such as those present in Central Queensland.  The use of alternative 
technologies such as phytocapping could reduce methane emission by up to 80% compared to non-
vegetated landfill and therefore can be an option to mitigate carbon pollution arising from landfills. At 
present flaring is the more practical option for smaller or older sites (Treloar, 1998), but the results 
from this study have showed a new solution for all landfills, small and big to manage the methane 
emission and other landfill gases. 
Conclusion 
Overall, the phytocapping technique reduces up to 80% of methane emission as compared to a non-
vegetated site. In the soil cover, there is always an optimum zone for methane oxidation. A few trees 
used in this system have the ability to diffuse oxygen in to soil layer thereby enhancing methane 
oxidation. Phytocapping technique significantly reduces (4 to 5 times) methane emission from 
landfills.  The use of thick layer of unconsolidated soil reduces methane emission much more 
efficiently than a thin layer. Plant species differ in their root zone methane emission, but the species 
effects of plants per se was confounded with those of soil and mulch.  
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